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ABSTRACT 
What design change to a conventional ATS Sports model drop-weight stringer can be made to 
decrease the stringing time for a tennis racquet? To answer this, a detailed analysis on design, 
manufacturability, and structural integrity was done to design a product that is manufacturable 
within the timeframe and produces a device which decreases the stringing time. First, an analysis 
on each vital component was done including the ratcheting components, pressure arm/drop mass, 
etc. Second, a virtual model was created with auxiliary components to test different designs. 
Through this analysis and the virtual model it was indicated that a duel stringing device opposed to 
a conventional single stringing device would meet the design requirements set forth in the project 
report. A more detailed design was done to the device to finalize the product for manufacturing. 
This included reducing the weight of the product through shelling out components and using 
lightweight material, reducing the cost through utilizing cheaper pre-designed material other than 
requesting custom designed material, modifying dimensions for the correct weight distribution, 
and planning for the ergonomics of use. The manufacturing process consisted of machining and 
3Dprinting over 40 parts. After final assembly, modifications are again assessed to increase 
functionality. Testing results should demonstrate a reduction in the time needed to string a racquet 
by half ad produce a tension from 30-90lbs as stated in the design requirements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
Being an avid tennis player, one may delve into the realm of racquet stringing. In doing so, 
there are two main types of stringers, an electronic stringer and a drop weight stringer. The trade-
off between the two is that the electronic stringer strings a racquet in about half the time as a drop 
weight, but at more than twice the cost. This project was motivated by a need for a device that 
would string a racquet using a drop weight system at a faster rate than a conventional drop weight 
stringer so as to compete with an electronic version while still being low cost.  
FUNCTION STATEMENT 
A device is needed to apply a desired tension on a stringer order to string a racquet in less 
time than a conventional drop weight stringer. 
DESIGN REQUIREMENTS 
This device must: 
1. Provide a tension on the string at a range of 30-90lbs.  
2. Have a weight that is adjustable to provide a moment from 60-180ft-lbs about the axis of 
rotation. 
3. Have a string locking mechanism that doesn’t allow slip by applying at least 78lbs of force for 
clamping.  
4. Not tip at the max moment of 180ft-lbs.  
5. Have a support arm that does not deflect greater than 0.50in. 
6. Have a base with 360˚ rotation. 
7. Ensure the string has no greater than +/-8.5˚ deflection from the grommet hole to the string 
locking mechanism so as to keep the tension within +/-1lb.  
8. Have the string locking mechanisms joined to have synchronized ratcheting.  
9. Provide the ability for the string locking mechanisms to adjust horizontally at 0.50in 
increments to a max distance of 6in on either side. 
10. Provide ratcheting at an arc distance no greater than 0.25in per tooth. 
11. Have a ratcheting gear that can withstand a max of 180lb of shear force. 
12. Have a pressure arm beam deflection no greater than 1.00in. 
SUCCESS CRITERIA 
For this device to be successful it must string a racquet at the specified tension in less time than a 
conventional racquet stringer. 
ENGINEERING MERIT 
In order to design a duel ratcheting system the optimal weight, lever arm length and system 
balance has to be addressed. This is done using some static equilibrium equations such as      
and     . In conjunction with the static equilibrium there is also a beam bending constraint 
which will be analyzed using the formula:      
   
   
 depicting a load at the end of a circular cross-
sectioned rod. This will also be analyzed for a deflection at any point along the arm using the 
equation:     
   
   
      . These formulas will also be applied to the mounting arms. 
For the ratcheting mechanism, a ratchet and pawl will need to be designed. The size and 
material will have to be determined through a shear stress analysis on the pawl and tooth interface 
using the equation:              
 
 
. The equation:   
  
  
will be used to determine the modulus 
of rigidity and in turn help determine the appropriate material. It will also need to be determined 
how many pawls are needed through these equations of shear stress. 
SCOPE 
This project will include the construction of the entire tennis-stringing apparatus. The 
analysis includes, but is not limited by, beam bending, structural weight distribution, and material. 
Most of the structural components will be fabricated. For the ratcheting portion, a pre-existing 
devise with a ratcheting component will be used if available otherwise it will be fabricated in the 
machine shop as well. Bolts and screws will be bought as needed and are not part of the design 
process analysis. Parts will be joined by fasteners if possible; some welding may need to be 
required. All the parts to be fabricated are of a custom design, but based off a functioning model.  
PROJECT SUCCESS 
The project is successful if the racquet stringer that is to be made can string a racquet to the 
proper tension in a shorter time than that of the convention drop weight stringer. A racquet will be 
strung on the conventional stringer as illustrated in the benchmark section and timed. Then the 
same racquet will be strung on the new stringer and timed.  
DESIGN AND ANALYSIS 
APPROACH 
When looking at a conventional drop weight stringer there is only a few ways to try and 
increase the speed of stringing the racquet without the use of any automated systems. The part of 
stringing the racquet that takes the most time is weaving the cross strings through the main strings 
although a practiced hand can make this process quicker. The other main reason it takes so much 
time is that only one string is done at a time. This is where a design will be implemented to create a 
low cost, light weight tennis stringer with a duel ratcheting system so as to pull tension on two 
strings simultaneously.  
DESCRIPTION 
There will be a base support which acts as the mount for the racquet as well as a counter 
balance to the drop weight. The drop weight will be attached to the 2 pressure arms with an 
adjustable bolt to produce a moment ranging from 30-90lbs about the ratcheting component as 
well as adjoin the pressure arms for synchronized ratcheting. The pressure arms are to be secured 
to a rod with a T-clamp or through welding. Between these pressure arms the rod feeds through a 
bearing in a support brace attached to the base support. On the outside of the pressure arms the 
ratcheting components are attached to an adjustable rod for horizontal axial movement. The 
ratcheting component will have a string locking mechanism as illustrated in Appendix A, Fig. 1a. 
The ratcheting component is to have 4 pawls to minimize the shear stress applied to the 
teeth. Two linear springs are to be used to resist the pawl to allow for ratcheting. The arc distance 
for the ratcheting increments will be determined based on the ratchet gear size being no greater 
than 0.25in. The axle is to run through each ratcheting set and secure them so as to rotate with the 
axle rod.  
OPTIMIZATION 
The optimization in this project will be focused on design for ease of use and for stringing a 
racquet at a faster rate. Other optimizations will be taken into account like cost and weight as they 
are internalized in the optimization of the ease of use and increased speed of stringing.  
The first optimization was to establish the weight vs. pressure arm moment using the least 
amount of material and reasonably priced. A Solid 0.5in cylinder of cast steel was used for the 
pressure arm initially giving a deflection of 0.47in if one rod was used as referenced in Fig. 1A of 
Appendix A. Hollow aluminum was then chosen to minimize weight, but the wall thickness was 
increased to a 0.26in ID with the same 0.50in OD. This gave a beam deflection of 0.78in in each rod 
which is below the maximum of 1.0in. These calculations can be examined in Appendix A, Fig. 1b. 
The frame will be optimized to counterbalance the drop-weight portion of the device 
limiting the material used. This will be adjusted through the removal of unneeded material from 
components such as the racquet support arms, racquet support plate, and the base with the feet. 
The center of mass should be at least 6in towards the racquet mounting portion from the ratcheting 
components.  
The supports for the racquet mounts are angled to reduce the moment force at the base of 
the support. With a 30˚ angle, 155lbs of the horizontal force acts along the support while 90lbs act 
perpendicular to the member. Calculation is shown in Appendix A, Fig. 4.  
The angle the string is from the grommet of the racquet to the string locking mechanism will 
be optimized through appropriate horizontal axial movement of the ratcheting portion to ensure 
easy adjustability. The angle cannot exceed 8.5˚ in order to stay within 1lb of the desired tension as 
shown in the spreadsheet in Appendix A, Fig. 5a. A tube sleeve system will be used with a pin to 
lock the inner and outer tubes. The graph in Fig. 5a of Appendix A shows the exponential increase in 
the tension loss as the offset angle of the grommet hole and string locking mechanism is increased. 
The maximum angle the sting from the grommet hole can be is shown in Appendix A, Fig. 5b to be 
8.5° before having a force loss greater than 1lb.  
The ratchet portion will be optimized for the gear and case to withstand a shear force 
produced by the moment of the mass. The gear will be made up of will be made up with plastic to 
reduce weight and reduce rigidity on the string. A material with a higher coefficient of friction than 
the plastic will be used to increase the friction on the string where the clamping is occurring. It will 
also be suited to ratchet at reasonable steps as to ensure a more accurate tension. 
BENCHMARK 
An ATS Sport racquet stringer will be used at a reference for this project as shown below. It 
is a simple drop weight design capable of providing a tension from 30-90lbs. It uses a single 
ratcheting system with an average string time of 1.5 hours. As see on the left side there are two 
beams that support the racquet and are adjustable on the crossbar that rotates 360˚. The portion on 
the right including the pressure bar, drop weight, and ratcheting portion is mostly what is going to 
be modified as well as the overall material to limit the weight of the device. 
 
FIG.  1  –  BE NCHMAR STRINGE R 
This design is going to look similar to that of a conventional drop weight stringer except for 
a few major variations. The first thing to design is the pressure arm, as referred to in the sketch 
provided, that will not deflect more than 1.0in. With a deflection greater than this will not allow the 
tension in the string to comply with its tolerance. 
PERFORMANCE PREDICTION 
 Based on the calculations of a hollow tube with, the desired tension will be adjustable by 1lb 
increments corresponding to a 0.255in displacement of the weight. An 11lb weight will be used 
with a pressure arm of 24in. This will produce a tension of 90lb at 22in from the axis of rotation 
using hollow 6061-T6 Aluminum as shown in Appendix A, Fig. 1b. The clamp for the string will 
provide sufficient force greater than or equal to 78lb taking into account a coefficient of static 
friction of 0.6 to insure the string will not slip. A sample calculation is given in Appendix A, Fig. 1c 
and the spreadsheet used to determine the maximum value is presented in Appendix A, Fig. 1d. The 
30˚ angle on the strut for the racquet mounting will reduce the force exerted on the base of the 
11.5in support by 13% allowing for less stress on the member resulting in longer durability. 
The device will be judge for its performance based on the following criteria: 
 Device can string a racquet at a tension from 30-90lbs 
 Device give a tension within +/-1lb of the desired tension 
 Device strings a racquet in less than 1hr and 24min (Appendix A, Fig. 7) 
DESCRIPTION OF ANALYSIS 
 The distance and mass calculation required to produce the desired tension ranging from 30-
90lbs was the first analysis. A calculation involving a solid rod of cast steel is shown in Appendix A, 
Fig. 2a.A beam bending analysis was conducted on different materials and finally 6061-T6 
Aluminum alloy was sufficient to withstand the deflection within the design requirement of 1.0in at 
a low weight. Refer to Fig. 1b in Appendix A for an analysis comparing solid vs. hollow aluminum. 
The clamping force required to ensure there was no slip was conducted assuming a lower 
coefficient of friction for safety than the materials most likely have being 0.6 for sandpaper on 
plastic. With this information a calculation of normal force on the clamping section vs. the force 
along the slipping plane was conducted to arrive at a minimal clamping force required. This can be 
seen in Fig. 3A and 3B of Appendix A. Fig. 3b also shows the angle required for lower coefficient of 
frictions.  
The angle of the string from the grommet hole cannot exceed 8.5˚ to keep within a 1lb fluctuation in 
tension. A sample calculation is provided in Appendix A, Fig. 3a. 
SCOPE OF TESTING AND EVALUATION 
 The testing and evaluation will involve ensuring the moment provided by the weight 
produces the desired tension on the strings being tensioned. The angle of the string from the 
grommet to the string locking mechanism will cause the desired tension to fluctuate. Suitable axial 
adjustment of the ratcheting mechanism will maintain an angle under 8.5˚ and will be tested to 
ensure this. After becoming familiar with the new device, the time it takes to string a racquet will be 
tested comparing the new device with a conventional drop-weight stringer. 
ANALYSIS 
APPROACH& CALCULATION PARAMETERS 
 The first step is to determine the length of the pressure arms and mass of the weight. This is 
done through a moment calculation that equals a tension of 90lb on each string with a given weight 
and lever arm length. Aluminum 6061-T6 is the assumed material to reduce weight. An example 
calculation is shown in Fig. 2a of Appendix A. 
Next a beam bending analysis was conducted to ensure the pressure arms did not deflect 
more than 1.0in with an 11lb load. The analysis was first conducted with a standard material and 
then again with Aluminum 6061-T6. An example calculation is shown in Fig. 1a, 1b, and 1c of 
Appendix A. 
The clamping force and angle required to have the string not slip was then analyzed. A 
minimum angle is to be determined assuming different coefficients of static friction. With this 
information, a determination will ensue on a material to increase the coefficient of static friction to 
reduce the chance of slippage. An example calculation is shown in Fig. 3a and 3b of Appendix A. 
The analysis on the strut is next where the shear stress on the swivel beam is determined. 
An adjustment may have to be made to reduce the moment about conjunction. The strut will be 
considered an I-Beam and analyzed as such. An example calculation is shown in Fig. 4 of Appendix 
A. 
The angle the string is from the string locking mechanism to the grommet hole was then 
adjusted for through the use of a sleeve-pin apparatus. The pin locks the inner and outer rods 
together. An example calculation is shown in Fig. 5 of Appendix A. 
DESIGNS 
 The first design consisted of linear struts for the racquet mounting. There were 2 ratchet 
support leg from which the bearing were inserted and the two pressure arms were bent at the end 
to slide into the bearings independently. This caused issues with being able to make the part and 
have the ratcheting component slide laterally. The ratcheting components were set up to attach at 
the end. The drop mass was a solid cylinder 
 This design was updated to reduce the shear stress the strut causes on the beam it slides 
along by angling it 15° opposite the direction of the load. The 2 ratchet support legs were replaced 
by one in between the two ratcheting components. A t-connector was used instead of bending the 
ends of the pressure arms. The t-connector connected the pressure arms to the inner ratcheting 
tube. An outer tube was used over the inner tube from which the ratcheting components were 
mounted. The ratcheting components were designed to allow a 0.5” through-hole so as to be able to 
slide laterally with the use of a pin-locking-adjustment system. The drop mass was changed to a 
rectangular shape to reduce cost. An “add-block” was used to increase the weight by 2lbs. Two 
more pawls were added to each ratcheting component due to too much shear stress. This can be 
seen in Appendix A, Fig. 6. 
DEVICE SHAPE 
 Much of how the device is shaped will be due to the material cost and what is on-hand. 
Mostly the device is going to be a tradeoff between lower price and ergonomics. This plays into the 
ability to adjust the ratcheting components easily by having a functional spring pin and s string 
locking mechanism that can easily be rotated. Another thing that has to be kept in mind is some sort 
of padding for the racquet on the racquet mounting area. 
DEVICE ASSEMBLY 
 Appendix B shows the parts, assemblies, and drawings of the device. Most of the work is 
going to come from the assembly of the ratcheting components and pressure arms. Some welding 
will be required on the junction between the swivel pin and swivel arm and will most likely have to 
be done by another classmate. Some parts may have to be simplified in order to abide by the time 
constraint and is taken into account as risk which will be discussed later.  
TOLERANCING 
 Tolerancing will be applied to each drawing with a non-specified tolerance of 0.005”. The 
surface finish is insignificant for this device and a standard finish is acceptable. Concentricity will 
need to be accounted for in the inner and outer ratcheting tubes and a non-symmetrical tolerancing 
is to be applied to mitigate any variation.   
TECHNICAL RISK ANALYSIS 
 As stated before the time on task will play a large role on the complexity of this 
configuration. A simplification of some parts may ensue in order to complete the task within the 
time constraint. Continuous work over the holiday will have to be done to prepare adequately for 
the construction phase of the project. Because so many parts are associated with this device, budget 
is going to be a hard to optimize. Weight of the device may have to increase in order for the budget 
to decrease. Task scheduling will have to be a priority to insure tasks get done within an effective 
time.  
METHODS AND CONSTRUC TION 
CONSTRUCTION 
DESCRIPTION 
 The first thing to be constructed will be dependent on the availability of resources. The 3d 
printing procedure is available any time during the construction phase so it will be done during the 
ordering and delivery phase of getting supplies. The components assumed to take the longest time 
to manufacture are the struts and top plate. This will be made priority and given the most time to 
work on. Many of the smaller components may be able to be fabricated from the scraps of other 
machined parts. The projected schedule in Fig. 3 of Appendix E will reflect the allowable time to 
construct each part. An overestimation will be used in the beginning for the familiarization of the 
machining process and as time goes on and proficiency increases, time on each task will be planned 
to decrease.   
DRAWING TREE/IDS 
 3rd Level Tree 
  FI G.  2  –  3R D LE VE L  DRAWIN G TR EE 
 
 
 
 
COMPLETE TREE 
Tennis Racquet 
Stringer 
Base Support 
Main Base 
Assembly 
Base Support Foot 
Swivel Arm 
Swivel Arm Pin 
Swivel Arm Bar 
Racquet Mounting 
Brace Beam 
Brace Top 
Bolt Mount Spacer 
Bolt Mount Plate 
Clamp Bolt Nut 
Simulated Racquet 
Spacer 
Brace Rubber 
Racquet Head 
Clamp 
Ratchet 
Right Ratchet 
Component 
Left Ratchet 
Component 
String Locking 
Component 
Bolt Thread 
Outer Tube 
Inner Tube 
Pin 
Drop Mass 
Mass 
Pressure Arm 
Support 
Pressure Arm 
Support Bar 
Ball Bearing 
Pressure Arm 
Left L-Clamp 
Right L-Clamp 
 PARTS LIST/LABELS 
Tennis 
Racquet 
Stringer 
Base Support 
Main Base 
Assembly 
Main Base 
Swivel Arm 
Base Guide 
Base Support 
Foot 
Swivel Arm 
Swivel Arm 
Pin 
Swivel Arm 
Bar 
Racquet 
Mounting 
Brace Beam 
Brace Top 
Bolt Mount 
Spacer 
Bolt Mount 
Plate 
Clamp Bolt 
Nut 
Clamp Nut 
Clamp Thread 
Simulated 
Racquet 
Spacer 
Brace Rubber 
Racquet Head 
Clamp 
Clamp 
Clamp Rubber 
Ratchet 
Right Ratchet 
Component 
Right Ratchet 
Base Teeth 
Right Pawl 
Right Outer 
Cover 
Left Ratchet 
Component 
Left Ratchet 
Base Teeth 
Left Pawl 
Left Outer 
Cover 
String Locking 
Component 
Bottom 
Top 
Connector 
Compression 
Spring 
Bolt Thread 
Outer Tube 
Inner Tube 
Pin 
Button 
Pin Stopper 
Spring Pin 
Slotted 
Drop Mass Mass 
Male Keyway 
Female 
Keyway 
Pressure Arm 
Support 
Pressure Arm 
Support Bar 
Ball Bearing 
Pressure Arm 
Left L-Clamp 
Left Top L-
Clamp 
Left Bottom L-
Clamp 
Right L-Clamp 
Right Top L-
Clamp 
Right Bottom 
L-Clamp 
FI G.  3  –  COMP LET E  DR AWI NG TR E E 
 There are many parts in this project assembly as can be seen in Appendix C. There are seven 
subsections to the entire assembly consisting of 117 total parts including nuts, bolts, and screws 
and 49 unique parts. Each part is labeled according to their function and given a part number to be 
referenced in the drawings. 
MANUFACTURING ISSUES 
 Some manufacturing issues may be present in the mounting of the material to be machined. 
Some surfaces are irregular and a special mounting may need fabricating. This project has 49 
unique parts, so time in the machine shop is needed. Issues with availability of the shop may be a 
concern.  
DISCUSSION 
 The tennis stringer assembly consists of 7 sections: the base support, swivel arm, racquet 
mounting, ratcheting, drop mass, pressure arm support, and pressure arm. The ratcheting 
component subassemblies are to be manufactured using the 3D printer provided by CWU. The 
subassembly can be seen in Appendix B.  
TESTING METHOD 
INTRODUCTION 
  The success of this project is to have this device adhere to the requirements set forth as to 
produce a stringer that strings a tennis racquet faster than a conventional drop weight stringer as 
estimated in Fig. 7 of Appendix A. Multiple tests will be done on the tension, structural stresses and 
endurance of the device. Most of this will be done with personal equipment such as the frequency-
to-tension software, a Tourna Stringmeter, the benchmark stringer, and the tools. Other resources 
such as from the university will be minimal since the devices used to test the design requirements 
do not require high precision. Possible strain gages or other tension measuring devices may be used 
depending on availability of this more precise equipment and reliability of the less precise 
equipment. Data capturing will be done primarily with timed variables for endurance stress and 
stringing duration. Tension of the string on the racquet will also be done directly with multiple 
trials. The schedule of this testing can be observed in the Gantt chart and projected schedule 
provided in Appendix E, Fig. 2 & 3.     
METHOD/APPROACH 
 The resources needed for this stage are minimal. For the string tension measurements, a 
“Stringmeter” was purchased. This is a mechanical device that can measure the tension of a string 
from 0-70lbs. A software app is also used to confer with the Stringmeter. Other resources needed 
are able to be 3D printed, including a possible crank for the synchronized ratcheting, a drop-mass 
stopper, and super glue. No other people are to be utilized during this stage since the stringing of a 
racquet is to be done by a single person. Minimal external costs are required.  
 
 The data taken is evaluated based on a success/no success criteria. Therefore the 
documentation will systematically assess the design requirements. The requirements which 
represent a range of data will be assessed through several trials throughout the range.   
 
Referring back to the requirements, this device must string a racquet. Being a proficient racquet 
stringer the designer will conduct the stringing operation. If the racquet can successfully be strung, 
then the requirement has been met. In stringing a racquet there are a few tools that come 
separately that are necessary. They are not accounted for in the price or construction. These items 
include needle-nose pliers, floating string clamps, probing tool, and Allen wrenches. The string 
clamping necessary to pull the tension on the string will be assessed as a slip/no-slip evaluation. 
The potential tipping of the device due to the counterbalance will be assessed by a tip/no-tip 
evaluation. The translation of the drop-mass will be assessed as full movement along the pressure 
arms. All the bending assessments will be evaluated by load application and measurement. The 
rotation of the swivel arm will be assessed by full or partial rotation. The angle of the string will be 
assessed through direct measurement and implied effect when the tension is tested. The ratchet 
synchronization will be assessed as an ease of use. The translation of the ratcheting components 
will be assessed with direct measurement. The tension will be tested through the measurement of 
the individual string tension. This will be assessed through sound frequency-to-tension software 
that can measure the tension on a tennis racquet through the noise of an impact. A mechanical 
device called a Stringmeter will also be used to calibrate the software. A racquet will be strung and 
tested on a standard stringer and a comparison will be made between the two. Structural 
requirements will be assessed by any non-recoverable deformation or fracture that occurs. In the 
case of testing the ratcheting teeth, an endurance test will be performed to assure the teeth and 
pawls can withstand the maximum tension. 
After manufacturing several operational limitations arose. The swivel arm base can only 
rotate 360 degrees if both of the struts are positioned so the angles face away from the ratcheting 
components. Otherwise, the shaft of the racquet will interfere with the ratcheting components. The 
maximum tension this stringer can hold is 90lbs; however this may surpass the limitations of the 
string being tensioned. If this is the case, the strings will be doubled up to perform other testing at 
that maximum tension. In the case where the string may start to tip, most likely at the maximum 
tension, clamps may have to be implemented in order to perform the necessary testing.   
The most critical measurement for precision and accuracy is going to be the tension. Since 
the tension software is referencing software, it provides the proportion of the tension on the string. 
Therefore it is very precise, however it lacks in accuracy.  The Stringmeter however is less precise 
but takes an accurate measurement. The calibration of the software can then be done to get a both 
precise and accurate reading. Angle measurements are to be done with leveling software which is 
sufficient for the accuracy and precision requirements. Beam deflection measurements will be done 
with direct and scaled measurement through a picture. This will insure a more accurate reading 
than measuring it only direct. For the timing requirements, a stopwatch will be used with inherent 
accuracy and precision. 
To test this stringer, data will be recorded in a spreadsheet. Minimal analysis is needed for 
the testing data since most measurements are hard data. The success criteria are to first string 
strings a racquet then to string it in less time than a conventional racquet stringer. This means that 
the requirements are either successful or unsuccessful except for the testing of the time it takes to 
string the racquet.  
 
TEST PROCEDURE 
 This testing procedure is for all the requirements set forth in the Evaluation Sheet in 
Appendix G. These do not have to be performed in order since all these are independent tests. Some 
can be done simultaneously such as string tension and shear force on the ratchet teeth and pawl. 
Most of the tests will require little time except for the stringing of the racquet and the ratchet 
endurance test. 8 hours is allocated to testing the time it takes to string the racquet for 3 trials. The 
testing will be conducted in a garage equipped with a workbench and the tools necessary to make 
minor adjustments to the design.  
1. First pull the tension on a line of string using the device and compare it to the 
conventional drop weight stringer 3-5 times. Record the tension and ease of string. 
a. Note any deflection seen in the pressure arm, struts, or ratcheting component 
and adjustment tubes.  
2. Translate the drop-mass along the pressure arms. 
a. Note the ease of use and whether or not the mass could be translated. 
3. Pull the string tension to 30, 60, and 90lbs for a total of 3 trials. 
a. Note the ease of use and whether or not the string slips inside of the clamp. 
b. If string does slip, re-adjust sandpaper to maximize gripping power. 
4. While pulling the maximum tension, record whether the string is tipping or is close to 
tipping. Clamps may need to be implemented. 
5. Pull maximum tension on the stringer, then measure the amount of deflection using a 
straight-edge and a ruler. 
6. Rotate the swivel arm past 360° and record if successful or unsuccessful 
7. While stringing a racquet determine the greatest angle the string has when the 
ratchets are adjusted to the closest position to make the strings parallel. Then 
measure that angle either through the level app or by taking a picture and solve for 
the angle. 
8. While stringing a racquet and having the drop-mass drop below parallel with the 
ground, ratchet both ratchets simultaneously if possible. 
9. Translate and measure the ratcheting components along the shaft axis of rotation. 
10. Pull the maximum tension and let stand for 10, 20, and 30 minutes. Record 
Observations and note any deformation. 
11. After becoming familiar with the new stringing device perform the stringing 
operation 3-5 as before and record the time and ease of stringing.  
a. Minor adjustments may have to be made, make them until 3-5 adequate trials 
have been conducted. 
12.  Conduct another trial and this time record the deflection in the pressure arms, 
struts, and ratcheting adjustment tubes. 
 There is some risk involved in this design. The string could slip and cause the drop mass to 
fall. This could cause the entire device to flip if it is not clamped to the table. Another risk is the 
drop mass stopper as seen in Appendix I, Fig. 3. This is made of plastic and may snap under the load 
of the drop mass as it rests against it. A final major risk is the string snapping. This will also cause 
the drop mass to fall and potentially destroy the device.  
 With so many specialized parts the need for every one of them to work is very important, 
but paramount is that they work together.  A slight design or manufacturing error causes the whole 
device to not perform as expected. Then it’s about making minor adjustments through the testing 
process to mitigate these errors. As the manufacturing and testing is being implemented, new ideal 
designs arise, but can’t be implemented due to time and the nature of the course.  
DELIVERABLES 
 A graphical and numerical comparison is to be provided between the benchmark stringer 
and the new device. Suggested improvements are to be discussed dealing with structural integrity, 
more accurate tensioning, and ease of use. A schedule of the time and task that was preformed is to 
be determined with an evaluation of a pass or fail of the design requirements and success criteria.  
Design Comparison 
 The two figures below are a side-by-side comparison of the benchmark (on the left) and the 
new prototype duel ratchet stringer (on the right). As can be seen, the overall design is similar save 
the ratcheting section as well as the dimensions of the drop-mass. The new prototype is also larger 
overall in mass and dimension.  
 
 
Parameter Values 
 Requirement 1 set forth in the Testing sheet provided in Appendix H, Fig. 1 is for the 
stringer to provide tension from 30-90lbs. This was done through taking 5 trials at 30, 60, and 
90lbs as seen in Appendix I, Fig. 1. Requirement 2 is to ensure that the drop-mass can translate 
from the 30lb mark 4.188in from the axis of rotation to the front edge of the mass to the 90lb mark 
19.428in from the axis of rotation to the front edge of the mass. Requirement 3 is to ensure no 
slipping by the string with a calculated minimum force of 78lbs on the clamp. The actual necessary 
value is going to be a little higher since the string is also trying to pry up on the clamp from one end 
as it pinches on the other end. This can be seen in Appendix I, Fig. 5.  Requirement 4 is to ensure 
there is no tipping at the max tension of 90lbs. Requirement 5 is the deflection of the support arm 
where the ratcheting components sit. The ratchet must deflect less than 0.5 to keep its affect on the 
tension minimal. Requirement 6 is to ensure that the swivel arm has full 360° rotation. Due to the 
length of the racquet which was not properly considered in the design was too long therefore to get 
a full 360° rotation one of the struts had to be flipped so that both struts are angled away from the 
ratcheting system. This can be seen in Appendix I, Fig. 6. Requirement 7 is to ensure that the string 
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angle from the grommets to the ratcheting components is no greater than 8.5°. Requirement 8 is to 
allow for synchronized ratcheting. This is to ensure that each ratchet ratchets the same amount 
relative to the other to keep the axial stress minimal on the bearing. Requirement 9 ensures that 
requirement 7 can be successful. Each hole spacing is to measure 0.5in for a total of 3in of axial 
movement on each end. Requirement 10 is to ensure that the ratcheting components can withstand 
the moment caused by the maximum tension of 90lbs. An endurance test is done to make sure that 
the ratchet can hold that tension. Requirement 11 is to ensure that the pressure arm does not 
deflect more than 1.00in. This would cause up to a 4lb difference in the desired tension. 
Requirement 12 is to test to see if a racquet can be strung in less time than the conventional racquet 
stringer. To do so, the racquet needs to be strung in under 1hr and 24min as estimated in Appendix 
I, Fig. 1.  
Calculated Values 
 The requirement 1 test was conducted for the 3 tensions stated before. For the 30lb tension 
the average tension after 5 trials was 32lbs. For the 60lb tension the average tension after 5 trials 
was 62lbs. For the 90lb tension no trials could be conducted because the string snapped before the 
tension could be pulled. The stringer surpasses the design limits of the string being used. The mass 
was almost parallel so an inferred value of 80lbs was the max tension of the string. 
 The requirement 2 test was a straight forward test involving translating the mass up and 
down the pressure arms. It was first set at 90lbs and incrementally moved up the shaft. Once it got 
to 40lbs the difficulty of moving the drop mass significantly increased. Pressure arms had to be 
squeezed together in order to get the mass to move to the 30lb mark.  
 The requirement 3 test was needed for all other testing. The tensions 30, 60, and 90lbs were 
used as a range to ensure no slippage occurred. At 30lbs no slippage occurred or very minimal. At 
60lbs the slippage was a little more frequent and tension had to be pulled on the string from the 
loose end through the ratchet until there was enough rotation for the clamp to activate. A single 
string was not used for the slippage at 90lbs due to the string snapping. Therefore, 2 strings were 
used in each ratcheting component  and similar to the 60lb test, tension needed to be pulled until 
clamp activated.  
 The requirement 4 test was for no tipping. At 50lbs the device starts to lift off the table and 
at 75lbs it becomes unstable and starts to tip. This relationship can be observed on the graph in Fig. 
7 of Appendix I. Clamps were implemented to prevent tipping in the testing that followed. 
 The requirement 5 test was for the support arm beam deflection. Brackets were installed to 
keep the support arm in the slot as seen in Appendix I, Fig. 8. During the testing, the support arm 
does still rotate in the slot, but minimally. At the maximum tension of 90lbs the support arm rotates 
and stops and the deflection of the support arm is not noticeable. Therefore it is under the 
specification that it must be under 0.5ins of deflection.  
 The requirement 6 test was for full swivel arm rotation. With the original design 
implementation the swivel arm had full rotation however when a racquet was installed the rotation 
was limited to 320° of rotation due to the shaft of the racquet coming in contact with the support 
arms and ratcheting system. The struts then had to be placed on the swivel arm as depicted in 
Appendix I, Fig. 6. When translated to its maximum side position with the racquet mounted, it then 
has a full 360° rotation with 2.5ins of clearance from the ratcheting system and support arm.  
 The requirement 7 test was for the deflection of the string from the grommet hole to the 
ratcheting system. The greatest deflection seen during the racquet stringing process is shown in 
Fig. 9 of Appendix I. The scaled down picture was measured and the angle was given to be 6.4° 
which is less than the maximum of 8.5°. 
 The requirement 8 test was for the synchronized ratcheting. A crank was designed to allow 
for this although it could not adjust and would have only worked for one setting of the ratchets. 
Therefore synchronized ratcheting was not possible with this model so ratcheting was done to each 
side successively with the same increments. If there was slippage of the string one side could be 
ratcheted while the other did not have to.  
 The requirement 9 test was the lateral translation of the ratcheting components along the 
axis of rotation. 5 holes were made, but due to a manufacturing error only 4 holes could be utilized 
as seen in Appendix I, Fig. 10. This did not affect the ability of the ratchets to translate 3in on each 
side for a total of 6in as specified in the requirements, but it does make it so the first string being 
pulled has a greater angle from the grommet hole to ratcheting component. This value is still less 
however than the maximum angle recorded of 6.4°.  
 The requirement 10 test was the endurance test on the ratcheting components. At the 
maximum tension of 90lbs the string snapped after 10 minutes. The string was then reinforced by 
doubling up the string being fed through the ratchet. The test was done again and at 20 minutes the 
t-clamp connectors snapped. They were then redesigned to withstand the torsion by the drop-mass. 
This part was originally going to be metal, but no sufficient size could be purchased so it was 3D 
printed. The new design did withstand the 30 minute endurance test.  
 The requirement 11 test was for the pressure arm deflection. As seen in Fig. 2, Appendix I 
the deflection of the pressure arms 0.51in at the maximum tension of 90lbs. The calculated value 
was 0.78in. This is a 34% error from what was measured to what was calculated. This discrepancy 
can be due to many things, but the most likely reason is the reduction in weight of the pressure 
arms. The holes that were drilled into the pressure arms cause it to be lighter and therefore have 
less deflection than calculated. 
 The requirement 12 test was for the racquet stringing time. Only 3 trials were conducted. It 
was predicted that the string time would be cut in half, but this was not the case. The string time 
was greater than expected. There are many reasons for this, one being that the strings in the 
ratchets kept slipping and not grabbing. By the 3rd trial this problem was greatly reduced due to 
becoming familiar with the stringer. Another reason for the time being slower is in the design of the 
racquet supports on the struts. They were designed too large and make it difficult to weave the 
cross strings towards the tip and bottom of the racquet. The racquet clamps also hinder the ability 
to weave the crosses at the same location. If these conditions can be redesigned it would reduce the 
time to string by 20-25 minutes. Although it did not meet the prediction of half the stringing time of 
the conventional stringer, it was slightly lower. A quantitative chart of the difficulty of the 
significant stringing operations of the new stringer is represented in Appendix I, Fig. 11. 
Success Criteria Values 
 This device was successful in both stringing the racquet and stringing the racquet in less 
time than the conventional drop-weight racquet stringer. With more trials this time could be 
reduced through minor redesigns. The tension on the racquet was measured throughout the 
stringing process and was within 5lbs of the set tension.  
Conclusion 
 Out of the 12 requirements tested for in the sheet provided in Appendix H, Fig. 1 only 3 
were unsuccessful. The first failure was with the 1st requirement which states that the stringer shall 
provide a tension from 30-90lbs. Although the stringer could provide a tension between 30-60lbs, it 
could not provide a tension of 90lbs without snapping the string. This is not a terminal failure of the 
whole device, but merely an overdesign. The tensile strength of the string should have been 
assessed first and a max tension should have been back-solved from there. The second failure was 
from requirement 4. This was that the device would not tip. Although it was designed not to tip at 
the maximum tension of 90lbs, the increase of the drop-mass weight moved the center of gravity 
enough to cause tipping at 75lbs of tension. Therefore clamps are needed, which again is not a 
terminal failure of the device. Lastly, the 8th requirement was a failure due to the design not 
allowing for synchronized ratcheting. The ratcheting was done manually and successively as 
needed. The ratchets were designed to be symmetrical therefore they ratchet in the same 
increments. This makes it possible to keep the same tension on both strings while moving each 
ratchet independently. This is not a critical design failure, but does increase the time to string the 
racquet. Overall, the design was successful. Many improvements have already been designed for the 
next model, but for the scope of this project it met the success criteria. 
BUDGET/SCHEDULE/PROJ ECT MANAGEMENT 
PROPOSED BUDGET 
A budget was calculated for each part at an estimated cost. This is represented in Appendix 
D. Many of the materials are raw materials and the company known as “SpeedyMetals” seemed to 
have the lowest price listing for the material needed. Other parts that are specialty are estimated 
from Amazon, McMaster-Carr, CWU, Grainger, and Meullerindustries. Great effort will be used to 
reduce cost through donations and discounted prices through CWU. Most of the bulk material 
buying will be done first as to acquire more time to get a better deal on the specialty items. The 3D 
printing portion can be done at any time and will be completed during any down time of the 
construction process. The parts in the estimate do not include shipping which may increase the 
estimate upwards $100.  
  
All the labor is to come from the designer to the limits of their expertise. Potential alliance 
with an experienced welder may be necessary for the connection of the swivel base pin to the 
swivel bar. Assuming a $10 an hour labor rate and an average of 10 hours of work being done each 
week, the estimated labor cost is $1000.  
 
The estimate total project cost accounting for the labor cost of $1000 and a parts cost of 
$587.30 as seen in Appendix D, is $1,587.30. There may be hidden costs as well whether from 
modifications to the device that cause a need to order more material or a need to outsource labor to 
another individual whom is potentially paid more than $10 an hour. The goal is to bring this cost 
down to about $1,300 at a maximum actual price which means that strategic material size selection 
is important to account for expenses. 
  
Most of the funding will come from personal resources, but at a discounted rate through the 
University. Some parts will be made from the scraps of other parts as well as scraps donated from 
yards. Other students may have scrap material as well and be willing to sell it at a discounted price.  
PROPOSED SCHEDULE 
A Gantt chart has been created to track the progress of the project. This can be seen in Fig. 2, 
Appendix E. As can be seen from the chart, the majority of time was spent on the assembly. Since 
this device has 49 unique parts the work necessary to make them as well as the drawings was large. 
This was spread out over the whole quarter however so as to make the load bearable. The analysis 
however was seen to take up a large amount of time in a shorter period. As it can be seen from the 
chart, some tasks required constant updating throughout the quarter causing other values to be 
updated as well.  
 
Fig. 3 of Appendix E shows a projected schedule. It shows a Gantt representation of task 
completeness as well and proposed task checkpoints for part manufacturing and construction. The 
proposed completion time is represented by color-coded diamonds. The alternating colored bars 
show the duration of the work on each task. This will be done as the construction phase evolves.  
 
In Fig. 4 of Appendix E there is a table that depicts the milestones for this project. This table 
gives an optimal completion timeline. The estimated time to completion is 176 hours. This estimate 
is depended on material availability in conjunction with machine shop availability.  
PROJECT MANAGEMENT 
The main human resource is going to be the designer from proposal, through manufacturing, to 
testing and evaluation. Assistance has come and will come from Dr. Johnson and Dr. Pringle as a 
knowledge resource, mentor, and as an establisher of task assigned deliverables. Assistance from 
the highly experienced faculty in the machine shop may be necessary pertaining to mounting issues, 
machine practice suggestions, and material acquisition. 
 
All students have access to the machine shop at the designated “free” machining hours. 
“Free” hours may vary depending on instructor approval. Access to the 3D printer is also an option 
with instructor procedural approval. All students also have access to the CAD software during the 
allotted open lab hours.  
 
Most of the financial burden falls under the project designer in this project. Donation 
opportunities will be utilized as they arise. A sponsorship is ideal and will be sought after. 
DISCUSSION 
DESIGN EVOLUTION / PERFORMANCE CREEP 
 The first design for this project was for a hydrogen fuel generator. After analysis and 
collaboration with Dr. Beardsley here at Central Washington University, it was concluded that the 
scope of that project falls outside of pure engineering merit. It would involve high level analysis in 
electrical engineering and chemistry. Through brainstorming the proposed project was established. 
Through an analysis of how to make a conventional drop weight stringer string faster, a design of 2 
pressure arms was optimal. The issue with this method is the perpendicularity of the string and 
grommet hole. In a single ratcheting system the string is always perpendicular to the grommet hole 
plane. An incremental step had to be added to the duel arm stringer to account for this. Calibration 
may have to ensue to account for loss of tension in the string. The design changed as a budget 
analysis was conducted. For example, the drop weight mass was originally a cylinder, but due to the 
high price a rectangular shape was chosen.  
PROJECT RISK ANALYSIS 
The greatest risk is the amount of parts to be fabricated. Many hours at the machine shop 
are necessary and with a limited window of lab hours, timely completion is a struggle. Another risk 
is cost. With this device being at such a high cost the need for donated material is higher. This could 
also mean a redesign to accommodate available resources. This would slow down the production 
process on an already tight schedule.  
FAILURE MODES 
 Being that this project involves several components, there are many areas from which 
failure could occur. There are a few critical areas however where failure is most likely. The first 
place is going to involve the ratcheting portion. Since the product is made of plastic it is going to be 
susceptible to more wear as well as deformation from repeated force. This critical stress has been 
alleviated through an application of a S.F. of 2 to the shear stress of the teeth of the ratchet against 
the pawl. The use of 4 pawls has also been implemented to alleviate the stress on the component. 
Another critical failure point is at the mating of the pressure arm and the inner tube. T-bars made 
from PLA plastic are used to join these 2 members and it will be resisting the moment caused by the 
mass. This may have to be thickened to withstand the stress. A last critical mode is the welding 
where the swivel arm bar and guide meet and the assembly of the braces. There are other welded 
sections, but these are the critical areas. There is a substantial force being applied at these locations 
due to the tension supplied by the drop mass. These will have to have a complete weld to ensure no 
failure. 
SUCCESS 
This project is successful if the racquet is strung by the designed racquet stringer within the 
completion time of the project. The second priority is that the racquet gets strung at the proper 
tension. The final main priority is that the stringer strings a racquet at a faster rate than that of the 
benchmark device.  
NEXT PHASE 
The next phase of this project is the construction phase. As shown in Appendix E, a 
projected schedule maps out the plan for the construction phase. The manufacturing of the parts 
will take the longest at an estimated time on task of 147 hours. The assembly stage should take 
considerably less time at an estimate of only 29 hours.  
CONCLUSION 
As a recap, the design proposal is for a drop weight tennis racquet stringer. The stringer 
must adhere to the specified design requirements as well as string a tennis racquet at a rate of 1 
hour and 24 minutes or less so as to string a racquet in less time than the benchmark stringer 
proposed earlier. They are both to be drop weight stringers and engineered to be as light as 
possible and keep structural integrity. 
A moment analysis was conducted to find the distance a given weight had to be from the 
ratcheting portion to produce 30-90lbs of tension on each string. A beam bending analysis was 
conducted to assess the bending in the pressure arm due to the weight. A 1.0in max deflection was 
chosen as a being well under any significant change in tension due to the deflection. A strut analysis 
was done to ensure that the tension being applied was not too much for the 6061-T6 aluminum 
being used. Analysis on the ratcheting component was done to ensure the shear force of the pawl 
on the ratchet teeth did not exceed the strength of the material. An analysis of the effect the angle of 
the string from the grommet hole to the string clamp has on the tension being applied was done to 
show that and 8.5°angle is the greatest angle before the tension is decreased by more than 1lb. A 
string clamping analysis was done to find the minimum angle the ratchet has to be rotated to clamp 
the string in place for tension pulling. At a coefficient of static friction of 6 the minimum angle to 
ensure slip is 78°.  
After testing, only 2 design requirements were not met. The first was the tipping at the max 
moment. The device was supposed to be stable at the max tension, but it actually starts to tip when 
the tension is set to 75lbs. This requires the user to clamp the opposite end of the drop-weight for 
any tensions being pulled 75lbs and above. In general the device should be clamped at all time to 
ensure stability. The other requirement that this device failed to achieve was the synchronized 
ratcheting. Due to the complexity of the device and the time allotted, the ability to devise an 
appropriate connection between the two ratchets was unattainable. The device still function 
adequately without the synchronized ratcheting, however it does not function to its full capability. 
The string in general does fulfill the success criteria of firstly stringing a racquet and secondly 
stringing a racquet in less time than a conventional drop-weight racquet stringer.  
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APPENDIX A - CALCULATIONS 
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1020ST E E L [ 3 ]  
 
 FI G.  1B –  BE AM BEN DIN G AN ALY SI S  FOR  ALUMIN UM 6061 - T 6
[ 3 ]
Drop Weight 2 
     
Beam 
Weight (lb) 
Moment 
(arm&mass) (in-
lb) 
Mass (lb) 11 
    
Solid Solid 
Length Arm (in) 24.000 
    
0.460494651 3968.232433 
Length Weight Solid 
(in) 21.904 
      Length Weight 
Hollow (in) 22.176 
      Diameter (outside) 
(in) 0.5 
    
Hollow Hollow 
Diameter (inside) 
(in) 0.26 
    
0.335976897 3944.175603 
Density (lb/in3) 0.09772 
      Area (solid) (in2) 0.196349541 
      Area (hollow) (in2) 0.143256625 
      Material (E) 
(Aluminum 6061-T6) 
(psi) ($36.92) 10000000 
Beam 
Deflection Arm 
(in) 
Beam 
Deflection 
Weight (in) 
Total Beam 
Deflection 
(in) 
Beam 
Deflection (2 
arms) 
  Moment of Inertia 
(solid cylinder) (in4) 0.003067962 0.0216141 1.436326123 1.457940224 0.728970112 
  Moment of Inertia 
(hollow cylinder) 
(in4) 0.002843644 0.017013618 1.579693241 1.596706859 0.79835343 
   
 Fig. 1c – Beam bending calculations
 Fig. 2a – Moment calculation for mass distance 
 
 
 
 
 
  
Fig. 2b – Tension/Length relationship 
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Fig. 3a – Slip/No slip string locking mechanism 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3b - Slip Data with Different Coefficient of Friction 
 
Clamping Force/Slip Coefficient of Friction @ 0.4 Coefficient of Friction @ 0.5 Coefficient of Friction @ 0.6 
θ° Tension Fclamp Fslip angle Ffriction Slip/No slip Ffriction Slip/No slip Ffriction Slip/No slip 
5 90 7.844 89.658 3.138 Slip 3.922 Slip 4.706 Slip 
10 90 15.628 88.633 6.251 Slip 7.814 Slip 9.377 Slip 
15 90 23.294 86.933 9.317 Slip 11.647 Slip 13.976 Slip 
20 90 30.782 84.572 12.313 Slip 15.391 Slip 18.469 Slip 
25 90 38.036 81.568 15.214 Slip 19.018 Slip 22.821 Slip 
30 90 45.000 77.942 18.000 Slip 22.500 Slip 27.000 Slip 
35 90 51.622 73.724 20.649 Slip 25.811 Slip 30.973 Slip 
40 90 57.851 68.944 23.140 Slip 28.925 Slip 34.711 Slip 
45 90 63.640 63.640 25.456 Slip 31.820 Slip 38.184 Slip 
50 90 68.944 57.851 27.578 Slip 34.472 Slip 41.366 Slip 
55 90 73.724 51.622 29.489 Slip 36.862 Slip 44.234 Slip 
60 90 77.942 45.000 31.177 Slip 38.971 Slip 46.765 No Slip 
65 90 81.568 38.036 32.627 Slip 40.784 No Slip 48.941 No Slip 
70 90 84.572 30.782 33.829 No Slip 42.286 No Slip 50.743 No Slip 
75 90 86.933 23.294 34.773 No Slip 43.467 No Slip 52.160 No Slip 
80 90 88.633 15.628 35.453 No Slip 44.316 No Slip 53.180 No Slip 
85 90 89.658 7.844 35.863 No Slip 44.829 No Slip 53.795 No Slip 
  
Fig. 4 – Strut analysis[3] 
 
 String Angle Theoretical Tension Actual Tension Difference 
8 90 89.1241 0.8759 
8.05 90 89.1132 0.8868 
8.1 90 89.1021 0.8979 
8.15 90 89.0910 0.9090 
8.2 90 89.0799 0.9201 
8.25 90 89.0686 0.9314 
8.3 90 89.0573 0.9427 
8.35 90 89.0459 0.9541 
8.4 90 89.0345 0.9655 
8.45 90 89.0230 0.9770 
8.5 90 89.0114 0.9886 
8.55 90 88.9998 1.0002 
8.6 90 88.9881 1.0119 
8.65 90 88.9763 1.0237 
8.7 90 88.9644 1.0356 
8.75 90 88.9525 1.0475 
8.8 90 88.9406 1.0594 
8.85 90 88.9285 1.0715 
8.9 90 88.9164 1.0836 
8.95 90 88.9042 1.0958 
9 90 88.8920 1.1080 
 
Fig. 5a – Tension loss due to offset angle between the grommet hole and string locking mechanism 
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Fig. 5b – String Angle Force Loss Calculation 
 Fig. 6 – Ratcheting Stress[1][2] 
 
Time to String a Racquet   
  Mains Crosses 
Task 
Time 
(min) Task 
Time 
(min) 
Feed string evenly throught he first set of holes 3 Weave and tie off string for cross 5 
Clamp strings to lock position 0.25 Weave across 0.5 
Feed string through next set of holes 1 Tension string 0.5 
Tension strings on one side 1 Clamp string 0.25 
Clamp strings 0.25 Repeat 1.25 
Tension strings on other side 1 Repeat 1.25 
Clamp strings 0.25 Repeat 1.25 
Repeat 3.5 Repeat 1.25 
Repeat 3.5 Repeat 1.25 
Repeat 3.5 Repeat 1.25 
Repeat 3.5 Repeat (Increased time due to difficulty) 1.75 
Repeat 3.5 Repeat 1.75 
Repeat 3.5 Repeat 1.75 
Repeat 3.5 Repeat 1.75 
Tie off one side of strings 3 Repeat 1.75 
Tie off other side of strings 3 Repeat 1.75 
  
Repeat (Increased time due to difficulty) 2.25 
Finishing Repeat 2.25 
Task 
Time 
(min) Repeat 2.25 
Unclamp racquet 2 Repeat (Increased time due to difficulty) 2.5 
Extra time due to string feeding difficulties  2 Repeat 2.5 
  
Repeat 2.5 
  
Tie off end 3 
  
Cut off excess string 1 
    Total Time for 18x20 String Pattern (min) 
   83.75 
   Total Time for 18x20 String Pattern   
  (hrs) (min) 
  1 24 
   
Fig.7 – Stringing Time 
 
 
APPENDIX B - DRAWINGS 
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APPENDIX C –  PARTS LIST 
Part List     
Section Quantity Part Description 
Base Support     
1a Calculated for 1 Main Base Assembly 
1a-a 1 Main Base 
1a-b 1 Swivel Arm Pin Guide 
1b 4 Base Support Foot 
1c 4 Socket countersunk head cap screw (0.25-20x0.75x0.75-HX-N) 
1d 4 Heavy hex jam nut (0.25-20-D-N) 
Swivel Arm     
2a 1 Arm Base Pin 
2b 1 Arm Base Bar 
Racquet Mounting     
3a 2 Brace Beam 
3b 2 Brace Top 
3c 2 Hex bolt (0.25-20x5x0.75-N) 
3d 2 Bolt Mount Spacer 
3e 2 Bolt Mount Plate 
3f Calculated for 2 Clamp Bolt Nut 
3f-a 2 Nut 
3f-b 2 Thread 
3g 4 Socket button head cap screw (0.375-24x0.4375-HX-N) 
3h 2 Simulated Racquet Spacer 
3i 2 Brace Felt 
3j 4 Socket countersunk head cap screw (0.19-20x0.875x0.875-HX-N) 
3k 2 Racquet Head Clamp 
3k-a 2 Clamp 
3k-b 2 Clamp Rubber 
3j 8 Socket head cap screw (0.25-20x0.75x0.75) 
Ratcheting     
4a Calculated for 1 Right Ratchet Component 
4a-a 1 Right Ratchet Base Teeth 
4a-b 2 Right Pawl 
4a-c 1 Right Outer Cover 
4b Calculated for 1 Left Ratchet Component 
4b-a 1 Left Ratchet Base Teeth 
4b-b 2 Left Pawl (same as part # 4a-b) 
4b-c 1 Left Outer Cover 
4c Calculated for 2 String Locking Component 
4c-a 2 Bottom 
4c-b 2 Top 
4c-c 4 Connector 
4c-d 4 Compression Spring 
4d 8 Bolt Thread 
4e 8 Socket head cap screw (HX 0.25-20x0.5625x0.5625-N) 
4f 2 Outer Tube 
4g 1 Inner Tube 
4h 2 Socket set screw flat point (0.19-32x0.5-HX-N) 
4i Calculated for 2 Pin 
4i-a 2 Button 
4i-b 2 Pin Stopper 
4i-c 2 Spring pin slotted (0.0625x0.188) 
Drop Mass     
5a Calculated for 1 Mass 
5a-a 1 Male Keyway 
5a-b 1 Female Keyway 
5b 2 Set screw (0.5-20x2) 
5c 1 Socket set screw flat point (0.25-20x1-HX-N) 
Pressure Arm Support     
6a 1 Pressure Arm Support Bar 
6b 1 Ball Bearing (6384K74) 
Pressure Arm     
7a 2 Pressure Arm 
7b Calculated for 1 Left L-Clamp 
7b-a 1 Left Top L-Clamp 
7b-b 1 Left Bottom L-Clamp 
7c Calculated for 1 Right L-Clamp 
7c-a 1 Right Top L-Clamp 
7c-b 1 Right Bottom L-Clamp 
7d 6 Socket button head cap screw (0.25-20x1-HX-N) 
7e 6 Machine screw nut hex (0.25-20-D-N) 
   Total Parts 120 
 Total Unique parts 49 
 
APPENDIX D –  BUDGET 
Cost Analysis 
       
Tennis String Units Estimated Price Supplier 
Actual 
Price 
Total 
Estimated 
Total 
Actual 
SnakeBite 2  $                     5.00  Goldenset   
 $                  
10.00  
 $                 
-    
         
Part Material Length  Units 
Estimated 
Price Supplier 
Actual 
Price 
Total 
Estimated 
Total 
Actual 
(1a-a), Main Base  
2" x 4" x .120" wall 
6063-T52 Rectangular 
Aluminum Tube 28" 1  $     26.32  SpeedyMetals 
 $          
26.32  
 $               
627.41  
 $       
143.49  
(1a-b), Swivel Arm Base 
Guide  
1.75" OD x 1.5" ID x 
0.125" Wall 6061-T6 
Aluminum Tube 2" 1  $        1.62  SpeedyMetals 
 $            
1.62  
  
(1b), Base Support Feet  
6"x1.920"x.2" 
Channel 6061-T6 
Aluminum 7" 1  $        8.47  SpeedyMetals   
  
(2a), Swivel Arm Base  
1.5" OD x 1" ID x 
0.25" Wall 6061-T6 
Aluminum Tube 4" 1  $        2.68  SpeedyMetals 
 $            
3.08  
  
(2b), Swivel Arm Bar  
1.25" x 3" Solid 
Aluminum Flat Bar 2' 1  $     53.49  SpeedyMetals   
  
(3a), Brace Beam  x2 
2.5" x 5"6061-T6511 
Aluminum Flat 2' 1  $   134.20  SpeedyMetals   
  
 (3b), Brace Top x2 
0.75" x 8" 6061-
T6511 Aluminum Flat 1' 1  $     37.80  SpeedyMetals   
  
(3d), Bolt Mount Spacer  
0.5" Rd 6061-T6511 
Aluminum 1" 2  $        0.20  SpeedyMetals 
 $            
0.20  
  
(3e), Bolt Mount Plate 
0.125" x 0.75" 6061-
T6511 Aluminum Flat 4" 1  $        0.36  SpeedyMetals 
 $            
0.36  
  
(3f-a), Clamp Bolt Nut 3D Printing Plastic N/A 2  $        5.00  CWU   
  
(3f-b), Clamp Thread 0.5" Rd CA 360 Brass 2" 1  $        1.96  SpeedyMetals 
 $            
1.94  
  
(3i), Brace Rubber Top 
12" x 24" x 0.25" 
Thick General 
Purpose Rubber Rectangle 1  $     23.80  Granger.com   
  (3k-a), Racquet Head 
Clamp 3D Printing Plastic N/A 2  $     10.00  CWU   
  
(3k-b), Clamp Rubber 
12" x 12" x 0.25" 
Thick General 
Purpose Rubber square 1  $     11.74  Granger.com   
  (4a-a), Right Ratchet 
Base Teeth 
3D Printing Plastic N/A 
1 
 $     80.00  CWU 
 $                 
-    
  (4a-b), Right Ratchet 
Pawl 2 
  (4a-c), Right Outer 
Ratchet 1 
  (4b-a), Left Ratchet Base 
Teeth 1 
  (4b-b), Left Ratchet Pawl 2 
  (4b-c), Left Outer Ratchet 1 
  (4c-a), Ratchet String 
Clamp Bottom 2 
  (4c-b), Ratchet String 
Clamp Top 2 
  (4c-c), Ratchet String 
Clamp Connector 4 
  (4c-d), Compression 
Spring Steel Vary Pack  $     10.00  Amazon.com   
  
(4d), Ratchet Bolt Thread 
0.375" Rd CA 360 
Brass 3" 1  $        2.22  SpeedyMetals 
 $            
2.22  
  
(4f), Ratchet Outer Tube 
0.625" OD x 0.495" ID 
x 0.065" Wall 6061-T6 
Aluminum Tube 10" 1  $        7.30  SpeedyMetals 
 $            
7.90  
  
(4g), Ratchet Inner Tube 
0.5" OD x 0.37" ID x 
0.065" Wall 6061-T6 
Aluminum Tube 12" 1  $        6.84  SpeedyMetals 
 $            
6.84  
  
(4i-a), Button 
0.25" Rd 6061-T6511 
Aluminum 1" 2  $        0.08  SpeedyMetals 
 $            
0.08  
  
(4i-b), Pin Stopper 
0.125" x 0.5" 6061-
T6511 Aluminum Flat 1" 2  $        0.14  SpeedyMetals 
 $            
0.14  
  
(4i-c), Slotted Spring Pin 
0.0625" D Stainless 
Steel 3/16" 2  $        6.54  McMaster-Carr   
  (5a-a), Drop Mass Male 
Keyway 
2" x 4" Solid 1018 
Steel Cold-Rolled 5" 1  $     29.60  SpeedyMetals 
 $          
29.60  
  (5a-b), Drop Mass 
Female Keyway 
  (6a), Pressure Arm 
Support Bar 
0.5" x 6" 6061-T6511 
Aluminum Flat 15.25" 1  $     25.76  SpeedyMetals 
 $          
25.76  
  
(6b), Ball Bearing 
For 0.5" shaft, 1.375" 
OD, Double Shielded N/A 1  $     11.37  McMaster-Carr   
  
(7a), Pressure Arm  
1/2" OD x .120" wall x 
.260" ID 6061 Aluminum 
Round Drawn Tube 4' 1  $     36.92  SpeedyMetals   
  (7b-a), Left Top L-Clamp 
0.5" Steel T-
Connector N/A 2  $     20.00  Muellerindustries.com   
  (7b-b), Left Bottom L-
Clamp 
  (7c-a), Right Top L-Clamp 
  (7c-b), Right Bottom L-
Clamp 
  
General Bolts, Nuts, Screws N/A 1  $     20.00   Hardware Store    
  
String Locking Sand Paper N/A 1  $        3.00   Hardware Store    
  
Shipping N/A N/A N/A  $     50.00  SpeedyMetals 
 $          
37.43  
  
         
       
Estimated Actual 
      
Grand 
Total 
 $               
637.41  
 $       
143.49  
 
 
APPENDIX E –  SCHEDULE 
1st Quarter Senior Project 
Date Time (hr) Description 
9/25/2014 2 Brainstorming about project 
9/26/2014 3 Brainstorming about design for Hydrogen Generation Cell 
9/27/2014 4 SolidWorks for Hydrogen Cell 
9/28/2014 4 SolidWorks for Hydrogen Cell 
9/30/2014 2 Brainstorming New Project 
10/1/2014 4 Brainstorming Design of Project 
10/2/2014 1 Sketching Design 
10/2/2014 2 Working on write-up 
10/3/2014 2 Research Statics and Bending 
10/4/2014 3 Research Bending and Shear 
10/9/2014 2 Research on Ratchets 
10/11/2014 5 Working on write-up 
10/15/2014 6 Reworking Analysis 
10/20/2014 1 Creating Cost Analysis Spreadsheet 
10/22/2014 2 Working on write-up 
10/26/2014 6 Clamp Force Analysis, Spreadsheet 
10/27/2014 6 Beam Deflection Analysis, Spreadsheet 
10/28/2014 1 Designing Ratchet Gear on SolidWorks 
10/28/2014 2 Working on write-up 
10/29/2014 2 SolidWorks Drawings 
10/31/2014 3 Design Modification 
11/1/2014 10 SolidWorks Construction 
11/2/2014 8 SolidWorks Construction/Drawings 
11/3/2014 3 Paper Modification 
11/4/2014 4 Paper 
11/6/2014 2 Paper Update 
11/8/2014 5 Recalculations and paper update 
11/9/2014 3 Recalculations and paper update 
11/10/2014 2 Budget Determination  
11/11/2014 5 SolidWorks Assembly 
11/12/2014 4 SolidWorks Budget/Schedule 
11/14/2014 6 SolidWorks Assembly 
11/15/2014 3 Analysis 
11/16/2014 2 Budget Adjustment 
11/17/2014 2 Schedule and Budget 
11/18/2014 8 SolidWorks Assembly and Calculations 
11/19/2014 5 Drawings/Budget/Scheduling 
11/20/2014 3 Drawings/Scheduling 
  
 
 
 
 
FIG.  1  -  T IME ON TASK  FOR WINTE R QUARTE R 
11/23/2014 6 Drawings 
11/24/2014 5 Drawings/Write-up update 
11/26/2014 4 Drawings/Updating 
11/28/2014 10 Drawings/Updating 
11/29/2014 4 Updating 
11/30/2014 3 Updating 
12/01/2014 4 Drawing Modifications/Updating 
12/03/2014 2 Updating 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 – Gantt chart 
1 8 15 22 29 1 8 15 22 1 8 15 22 1 8 15
1st Quarter 1
Brainstorming/Idea Selection 1a 2 10.5 100%
Sketching Design 1b 1 2 100%
Analysis Research 1c 5 10.1 100%
Analysis 1d 10 20.4 100%
Re-Analysis 1e 2 8 100%
Solidworks Parts Hydrogen Fuel 1f 2 4 100%
Solidworks Assembly 1g 15 30 100%
Solidworks Drawings 1h 8 20 100%
Budgeting/Parts 1i 4 8 100%
Scheduling 1j 2 6 100%
Proposal 1k 15 30 100%
Total Hours 66 149 100%
1
1 10 20 1 8 15 22 28 1 8 15 22 31 1 8 15 22 1 8 15 22
2nd Quarter
Buy stock material for assembly 1 2 1.2 100%
Main Base Assembly 2 7.1 9.0 100%
Swivel Arm Assembly 3 2.6 2.0 100%
Racquet Mounting Assembly 4 46.3 54.8 100%
Ratcheting Assembly 5 43.5 43.9 100%
Drop Mass Assembly 6 3.6 0.0 100%
Pressure Arm Support 7 2.1 3.6 100%
Pressure Arm Assembly 8 11.9 7.1 100%
Update Proposal 9 22 15.8 100%
Failure analysis 9a 2 1.3 100%
References 9b 1 1.0 100%
Procedures 9c 5 1.5 100%
Test methods 9d 2 1.5 100%
Evaluation sheet 9e 2 2.0 100%
Testing Report 9f 10 8.5 100%
Totals 141.1 137.4 100%
Task Name
Task 
ID#
Estimated 
Time
Actual 
Time
May
December
Task Name
Task 
ID#
Estimated 
Time
Actual 
Time Completion
Completion
September October November
AprilFebruary MarchJanuary
 
 
 
 
 
SCHEDULE FOR SENIOR PROJECT: 
                  
Note: March x Finals 
    PROJECT TITLE: Tennis Racquet Stringer 
                  
Note: June x Presentation
  Principal Investigator.: William Ligon-Bruno 
                 
Note: June y-z Spr. Finals 
  
  
Duration 
                            TASK: Description Est. Actual 
                              ID 
 
(hrs) (hrs) Sept   Oct Nov   Dec   Jan   Feb   Mar   Apr 
        
 
 
                       1 Proposal* 
                              1a Outline 2 10 
   
    
                       1b Intro 1 2 
   
      
                      1c Methods 2 2 
   
       
                     1d Analysis 10 28 
   
         
                    1e Discussion 2 1 
   
            
                   1f Parts and Budget 4 10 
    
          
                   1g Drawings 8 
     
          
                   1h Schedule 2 3 
     
        
                   1i Summary & Appx. 2 2 
       
     
                  
 
subtotal: 33 58 
                            
            
 
                   2 Analyses 
         
 
 
                   2a Pressure Arm Length=>Geo 1 2 
    
 
  
 
 
                   2b Beam Bending=>Geo 2 4 
    
    
                      2c String Locking=>Geo 2 3 
     
  
                      2d String Angle=>Geo 1 2 
    
` 
 
  
                     2e Strut=>Geo 1 2 
      
   
                    2f Ratcheting Stress=>Geo 2 5 
      
     
                   2g Tolerances=>Geo 
         
      
                  
 
subtotal: 9 18 
                            
                                3 Documentation 
          
 
                 3a Base Support Drawings 1 1 
      
  
 
  
                 3b Swivel Arm Drawings 1 1 
      
    
 
  
                 3c Pressure Arm Support Drawings 1 1 
       
  
                    3d Racquet Mounting Drawings 1 2 
       
  
                    3e Pressure Arm Drawings 1 0.5 
       
  
                    
3f Drop Mass Drawings 1 0.5 
        
  
                   3g Ratcheting Drawings 2 1 
        
      
                 3h Drawing Tree 2 1 
        
    
                  3i Sub-Assembly Drawings 3 
         
    
                  3j Final Assembly Drawing 1 0.5
         
  
                  3k Kinematic Check 1 1 
         
  
                  3l ANSIY14.5 Compl. 
           
  
                  3m Make Object Files 
           
  
                  
 
subtotal: 15 9.5
                            
            
 
                   4 Proposal Mods 
                              4a Project Schedule Finalization 2 4.5 
         
  
                  4b Project Part Inv. Finalization 2 2.2 
         
  
                  4c Critical Des Review* 3 2.5 
         
  
                  
 
subtotal: 7 9.2 
                            
                                5 Part Construction 
              
  
 
             5a Buy Raw Materials 3 1.5
           
 
  
              5b Document Machine Processes 40 3.3    
5c Make Base Support Parts 10 
            
 
  
   
 
          5d Make Swivel Arm Parts 5 
                             5e Make Racquet Mounting Parts 40 
                    
 
        5f Make Ratcheting Parts 5 11.2
                            5g Make Drop Mass Parts 10 
                     
 
       5h Order Ball Bearing 1 
                             5i Make Pressure Arm Support 5 
                     
  
      5j Make Pressure Arm Parts 20 
                             5k Update Website 5 
5l Manufacture Plan* 3                              
 
subtotal: 147 0 
                            
                                6 Device Construct 
                            6a Buy Fasteners 1
             
 
  
 
 
 
          6b Assemble Base Support 2 
             
 
  
             
6c Assemble Swivel Arm 3 
                     
 
       6d Assemble Racquet Mounting 2 
                    
 
        6e Assemble Ratcheting Components 5 
                     
 
       6f Assemble Drop Mass 1 
                      
 
      6g Assemble Pressure Arm Support 2  
6h Assemble Pressure Arm 5                              
6i Assemble Stringer 5                              
6j Take Dev Pictures 1                              
6k Update Website 3                              
 
subtotal: 29 0 
                            
                                10 Device Evaluation 
                     
  
       10a List Parameters 
                    
 
   
      10b Design Test & Scope 
                    
 
  
       10c Obtain resources 
                              10d Make test sheets 
                              10e Plan analyses 
                              10g Test Plan* 
                              10h Perform Evaluation 
                              10i Take Testing Pics 
                              10h Update Website 
                              
 
subtotal: 0 0 
                            
                                11 495 Deliverables 
                          
 
 11a Get Report Guide 
                          
 
  
 11b Make Rep Outline 
                          
 
  
 11c Write Report 
                              11d Make Slide Outline 
                              11e Create Presentation 
                              11f Make CD Deliv. List 
                              11e Write 495 CD parts 
                              11f Update Website 
                              11g Project CD* 
                              
 
subtotal: 0 0 
                            
                                
 Fig. 3 – Projected Schedule
 
Total Est. Hours= 42 76 
                            Labor$ 100 4200 
 
=Total Actual Hrs 
                                                     
                                
                                
Note: Deliverables* 
 
      
   
                      
 
Draft Proposal 
     
 
   
                      
 
Analyses Mod 
 
    
 
   
  
   
                 
 
Document Mods 
         
 
   
                 
 
Final Proposal 
 
        
 
   
 
 
  
 
          
 
Part Construction 
         
 
   
 
   
    
 
        
 
Device Construct  
            
 
   
    
 
        
 
Device Evaluation 
 
            
 
   
   
 
 
 
 
  
 
   
 
495 Deliverables 
                              
 Mile Stones 
   Phase Sub-Assembly Part #'s Completion Date 
Part Construction 
Base Support 
1a-a 
Feb10th 
1a-b 
1b 
1c 
1d 
Swivel Arm 
2a 
Feb 15th 2b 
Racquet Mounting 
3a 
Feb. 25 
3b 
3c 
3d 
3e 
3f 
3f-a 
3f-b 
3g 
3h 
3i 
3j 
3k 
3k-a 
3k-b 
Ratcheting 
4a 
Feb. 25th 
4a-a 
4a-b 
4a-c 
4b 
4b-a 
4b-b 
4b-c 
4c 
4c-a 
4c-b 
4c-c 
4c-d 
4d 
4e 
4f 
4g 
4h 
4i 
4i-a 
4i-b 
4i-c 
Drop Mass 
5a 
Mar. 1st 
5a-a 
5a-b 
5b 
5c 
Pressure Arm Support 
6a 
Mar. 5th 6b 
Pressure Arm 
7a 
Mar. 7th 
7b 
7b-a 
7b-b 
7c 
7c-a 
7c-b 
7d 
7e 
Assembly Construction 
Base Support 1 Feb. 15th 
Swivel Arm 2 Mar. 1st 
Racquet Mounting 3 Mar. 1st 
Ratcheting 4 Feb. 25th 
Drop Mass 5 Mar. 5th 
Pressure Arm Support 6 Mar. 5th 
Pressure Arm 7 Mar. 5th 
 
Fig. 4 – Milestones
APPENDIX F –  EXPERTIES AND RESOURCES 
 Being a course taken through the university, there is readily available input from professors 
and other educated staff. In particular Dr. Johnson and Dr. Pringle have been lucrative in generating 
avenues of investigation to progress the project. Matt Burvee has also been a resource of expertise 
in deriving methods of construction of the project via tool holding, procedure, and design change. 
Many of the resources are provided by the university as well including a shop equipped with the 
necessary tools to construct the project. Other resources such as springs are to also be provided by 
Dr. Beardsley. For the welding portion of the project Mr. Burvee will be the resource for the job and 
has provided insight on proper execution. An extended thanks must also be given to Mr. Bramble; 
he fabricated a tool for a task on the main base.  
APPENDIX G –  EVALUATION SHEET 
Testing Sheet for the Tennis Racquet Stringer 
Alternative Racquet Stringer 
Requirement 1: Provide a tension between 30-90lbs 
Tension (in-lb) Successful Not Successful Comments 
30 
   60 
   90 
     
     
  
Requirement 2: Drop mass can translate across the pressure arm between the 30-90lb mark 
  Successful Not Successful Comments 
Movement 
     
     
  
Requirement 3: No slip during tensioning 
No Slip Successful Not Successful Comments 
30 
   60 
   90 
     
     
  
Requirement 4: No tipping at max tension 
  Successful Not Successful Comments 
No Tipping 
     
     
  
Requirement 5: Support arm deflection no greater than 0.50in 
  Successful Not Successful Distance of deflection Comments 
≤ 0.50in deflection         
         
     
  
Requirement 6: Full base rotation 
  Successful Not Successful Comments 
360° Base Rotation 
     
     
  
Requirement 7:  No greater than an 8.5° deflection of the string from the grommet hole 
  Successful Not Successful Degree of deflection Comments 
≤ 8.5° deflection 
   
  
  
     
  
Requirement 8: Synchronized ratcheting 
  Successful Not Successful Comments 
Synchronized 
     
     
  
Requirement 9: Ratcheting component can translate in 0.5in increments to 6in total length 
  Successful Not Successful Comments 
0.50in increments 
   6in total length 
     
     
  
Requirement 10: Have a ratcheting gear withstand 90lbs of shear force 
Time (min) Successful Not Successful Comments 
10 
   20 
   30 
     
     
  
Requirement 11: Pressure arm deflection no greater than 1.00in 
  Successful Not Successful Comments 
≤ 1.00in 
     
     
  
Requirement 12: Racquet Strung is less time than the conventional racquet (1hr 24min) 
Trials Successful Not Successful Comments 
Trial 1 
   Trial 2 
   Trial 3 
    
 
 
 
 
 
APPENDIX H –  TESTING DATA 
Testing Sheet for the Tennis Racquet Stringer 
Alternative Racquet Stringer 
Requirement 1: Provide a tension between 30-90lbs 
Tension (in-lb) Successful Not Successful Comments 
30 x   Off by an average of 2lbs 
60 x   Off by an average of 2lbs 
90   x Not able to pull tension 
  
     
  
Requirement 2: Drop mass can translate across the pressure arm between the 30-90lb mark 
  Successful Not Successful Comments 
Movement x   Harder to move drop mass to the 30lb mark 
         
     
  
Requirement 3: No slip during tensioning 
No Slip Successful Not Successful Comments 
30 x   No Slipping 
60 x   Minor Slipping 
90 x   Done with two strings due to string snapping at tension 
  
     
  
Requirement 4: No tipping at max tension 
  Successful Not Successful Comments 
No Tipping   x Does tip, needs clamp to stay on table 
  
     
  
Requirement 5: Support arm deflection no greater than 0.50in 
  Successful Not Successful Distance of deflection Comments 
≤ 0.50in deflection x   N/A  No noticeable deflection 
  
     
  
Requirement 6: Full base rotation 
  Successful Not Successful Comments 
360° Base Rotation x   With adjusting the strut full rotation can occur 
  
     
  
Requirement 7:  No greater than an 8.5° deflection of the string from the grommet hole 
  Successful Not Successful Degree of deflection Comments 
≤ 8.5° deflection x   6.4 Greatest deflection during process  
  
     
  
Requirement 8: Synchronized ratcheting 
  Successful Not Successful Comments 
Synchronized   x Must ratchet each side individually 
  
     
  
Requirement 9: Ratcheting component can translate in 0.5in increments to 6in total length 
  Successful Not Successful Comments 
0.50in increments x   Can't be adjusted to the first increment 
6in total length x   The total length is a little over 6in 
  
     
  
Requirement 10: Have a ratcheting gear withstand 90lbs of shear force 
Time (min) Successful Not Successful Comments 
10 x   String snapped, exceeded the tension of the spring 
20 x   Reinforced the string by doubling up 
30 x   Broke T-Clamp, redesigned to make it stronger 
  
     
  
Requirement 11: Pressure arm deflection no greater than 1.00in 
  Successful Not Successful Comments 
≤ 1.00in x   Much less than 1.00in 
  
     
  
Requirement 12: Racquet Strung is less time than the conventional racquet (1hr 24min) 
Trials Successful Not Successful Comments 
Trial 1   x Took over 2 hours due to faulty sandpaper 
Trial 2   x 1hr 36min 
Trial 3 x   1hr 18min  
 
Fig. 1 – Testing Evaluation Data 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX I –  TESTING REPORT 
Time to String a Racquet       
Mains Crosses 
Task 
Time 
(min) Task 
Time 
(min) 
Feed string evenly through he first set of holes 3 Weave and tie off string for cross 5 
Clamp strings to lock position 0.25 Weave across 0.5 
Feed string through next set of holes 1 Tension string 0.5 
Tension strings on one side 1 Clamp string 0.25 
Clamp strings 0.25 Repeat 1.25 
Tension strings on other side 1 Repeat 1.25 
Clamp strings 0.25 Repeat 1.25 
Repeat 3.5 Repeat 1.25 
Repeat 3.5 Repeat 1.25 
Repeat 3.5 Repeat 1.25 
Repeat 3.5 Repeat (Increased time due to difficulty) 1.75 
Repeat 3.5 Repeat 1.75 
Repeat 3.5 Repeat 1.75 
Repeat 3.5 Repeat 1.75 
Tie off one side of strings 3 Repeat 1.75 
Tie off other side of strings 3 Repeat 1.75 
  
 
Repeat (Increased time due to difficulty) 2.25 
Finishing Repeat 2.25 
Task 
Time 
(min) Repeat 2.25 
Unclamp racquet 2 Repeat (Increased time due to difficulty) 2.5 
Extra time due to string feeding difficulties  2 Repeat 2.5 
  
 
Repeat 2.5 
  
 
Tie off end 3 
  
 
Cut off excess string 1 
  
  
  
Total Time for 18x20 String Pattern (min) 
  
  
83.75 
  
  
Total Time for 18x20 String Pattern   
 
  
(hrs) (min) 
 
  
1 24     
 
Fig. 1 – Conventional Racquet Stinger Time Estimation 
  
 
 
 
 
Fig. 2 – Proportion calculation for beam deflection 
 
  
    
 
  
   
 Fig. 3 – Drop-mass stopper used to prop up weight for tensioning 
 
Tension   Tension   Tension 
30lbs Recorded   60lbs Recorded   90lbs Recorded 
Trial 1 32   Trial 1 60   Trial 1 N/A 
Trial 2 34   Trial 2 63   Trial 2 N/A 
Trial 3 31   Trial 3 62   Trial 3 N/A 
Trial 4 31   Trial 4 63   Trial 4 N/A 
Trial 5 32   Trial 5 61   Trial 5 N/A 
Average 32   Average 62   Average N/A 
 
Fig. 4 – Tension Testing at 30, 60, and 90lbs  
Drop mass stopper 
 Fig. 5 – Depiction of a possible need for a greater force to clamp the string than what was calculated 
String being pinched 
Gap forming 
 Fig. 6 –This is the set-up in order to have a full 360° rotation. When the swivel arm is rotated to the 
position where the handle of the racquet is closest to the ratchets, the angle of the struts keeps the 
racquet the farthest away from them.  
 
 
Fig. 7 – This graph represents the tipping of the device as tension increases 
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 Fig. 8 – This is the bracket that keeps the support arm from rotating out of the slot. 
 
Support bracket, also on 
reverse side 
     
   
   
 
     
     
      
 
     
 
Fig. 9 – This picture represents the greatest angle the string makes during the stringing operation. 
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 Fig. 10 – Lateral adjustment holes 
 
 
Fig. 11 – Difficulty of significant stringing operations for the new racquet stringer 
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APPENDIX J - RESUME 
William Ligon-Bruno   |C+E=R| 
 
1513 N Brook Ct. Apt 8  
Ellensburg, Washington 98926  
Cell (509) 306-2380     ligonbrunw@cwu.edu  
 
Education   
Central Washington University, Ellensburg, WA  (GPA – 
3.534)Mechanical Engineering Technology  
Dean’s List 2013, 2014 
Mar. 2012–June 2015 (Est.) 
Boise State University, Boise, ID  (GPA – 2.83) 
Mechanical Engineering   
Aug. 2009–Dec. 2012 
Agder University, Grimstad, Norway  (GPA 3.338)  
Mechanics of Materials, Metallurgy of Materials, Renewable  
Energy, Fuel Cell Technology, Norwegian Language  
Sept.–Dec. 2011 
Coeur d’Alene High School, Coeur d’Alene, ID  (GPA – 3.49)  
Math and English International Baccalaureate courses;   
Volunteered in an after-school math-tutoring program 
  Graduated 2009 
 
Employment 
 
Hampton Inn Associate, Hampton Inn, Ellensburg, WA 
Night auditor, manager on-duty. Customer service; Excel, Word 
and OnQ Reservations software expertise; cashiering; and 
maintenance on HVAC, pool, and electronic systems. 
May 2013–present 
TJ Maxx Associate, TJ Maxx, Boise, ID 
Cashiering; assembling furniture; effective teamwork; and 
excellent customer service. 
Aug. 2010–June 2011 
Landscaping, Lisa Benscheidt, Hayden Lake, ID  
Worked with homeowner to plant flower and vegetable 
gardens; weeding, mowing, use of landscaping machinery  
2004–2011 
 
Relevant Skills and Hobbies 
 
• SolidWorks, AutoCAD, Microsoft Office (Word, Excel, PowerPoint, etc.)  
• Basic Machining—metal lathe, milling, wet/dry band saw, etc. 
• Teamwork and leadership—President of Environmental Club, 2 years; VP of Tennis Club, 1 
year; Active Member of Campus Garden Coalition  
• Use of machine testing equipment—Hardness, Impact, Tensile, Piezoelectric Transducers 
• Experimented with hydrogen generation through capacitance driven manipulation of water  
• 3D Printing (on-campus and personal), blow, drape, and extrusion molding techniques  
 
 
